The stress-induced yielding scenario of colloidal gels is investigated under rough boundary conditions by means of rheometry coupled to local velocity measurements. Under an applied shear stress σ, the fluidization of gels made of attractive carbon black particles dispersed in a mineral oil is shown to involve a previously unreported shear rate responseγ(t) characterized by two well-defined and separated timescales τc and τ f . Firstγ decreases as a weak power law strongly reminiscent of the primary creep observed in numerous crystalline and amorphous solids, coined the "Andrade creep." We show that the bulk deformation remains homogeneous at the micron scale, which demonstrates that if plastic events take place or if any shear transformation zone exists, such phenomena occur at a smaller scale. As a key result of this paper, the duration τc of this creep regime decreases as a power law of the viscous stress, defined as the difference between the applied stress and the yield stress σc, i.e. τc ∼ (σ − σc) −β , with β = 2-3 depending on the gel concentration. The end of this first regime is marked by a jump of the shear rate by several orders of magnitude, while the gel slowly slides as a solid block experiencing strong wall slip at both walls, despite rough boundary conditions. Finally, a second sudden increase of the shear rate is concomitant to the full fluidization of the material which ends up being homogeneously sheared. The corresponding fluidization time τ f robustly follows an exponential decay with the applied shear stress, i.e. τ f = τ0 exp(−σ/σ0), as already reported for smooth boundary conditions. Varying the gel concentration C in a systematic fashion shows that the parameter σ0 and the yield stress σc exhibit similar power-law dependences with C. Finally, we highlight a few features that are common to attractive colloidal gels and to solid materials by discussing our results in the framework of theoretical approaches of solid rupture (kinetic, fiber bundle, and transient network models).
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PACS numbers:
I. INTRODUCTION
Yield stress fluids are ubiquitous in our everyday life and encompass a wide range of systems. From dry granular media [1, 2] , slurries [3] , and foams [4, 5] to (amorphous or crystallised) hard colloidal assemblies [6, 7] and concentrated suspensions of soft colloidal particles such as emulsions, microgels [8] , etc. Despite a huge diversity of compositions and microstructures, the mechanical behavior of these materials is dominated by a critical shear stress σ c , traditionally named the yield stress [9] . Below σ c , these materials all display a solid-like mechanical behavior which can be reversible as for a standard elastic solid, but most of the time involves aging phenomena [10] [11] [12] and/or slow relaxation processes [13, 14] depending on the particle elasticity, the packing fraction, and the nature of the interparticle interactions. For stresses above σ c , the microstructure is fully reorganized and the yield stress fluid subsequently flows like a liquid while the shear rate reaches a steady-state value. Despite this apparently simple distinction between flowing and nonflowing states, the yielding transition still raises many open questions such as the influence of confinement [15] , of boundary conditions [16] , or of previous flow history [17] .
Among the above listed materials, colloids are a versatile model system which individual elastic properties and inter-particle interactions can be finely tuned [8, 18] . For packing fractions above φ g ≃ 0.58 colloidal hard spheres, characterized by repulsive interactions, display solid-like features at rest and behave as yield stress materials [19] . However, in the presence of attractive interactions, particles tend to stick to each other and an attractive colloidal dispersion behaves as a yield stress material from dense packing fractions (colloidal glasses) down to extremely low packing fractions (colloidal gels). The yielding scenario of colloidal assemblies for both repulsive and attractive interactions has been studied at length over the past fifteen years through different rheological approaches. First, yielding has been meticulously explored under imposed shear rate for hard spheres [20] [21] [22] [23] [24] [25] and dense assemblies of soft spheres [26] [27] [28] , as well as for attractive glasses [29, 30] and gels [30] [31] [32] [33] . For dense repulsive systems and low density gels, the yielding is a single step process involving a stress overshoot which amplitude increases for increasing shear rates [25, 27, 30, 32] . Based on confocal microscopy experiments and molecular dynamics simulations, it was recently shown that individual colloids in hard-sphere-like systems experience transient superdiffusive motions as they are being pushed out of their cage by shear [22] [23] [24] . On the other hand sufficiently dense attractive systems exhibit a two-step yielding dynamics that involve two different characteristic strains which have been interpreted respectively as intercluster bond breaking followed by the breaking of clusters into smaller constituents [30] .
This major difference in the yielding of attractive and repulsive non-ergodic systems has been confirmed through strain [21, 28, [34] [35] [36] [37] [38] or stress [39] controlled Large Amplitude Oscillatory Shear (LAOS) (see Ref. [40] for a recent enlightening review). Starting from low oscillation amplitudes, the elastic component G ′ and the viscous component G ′′ of the shear modulus remain fairly constant with G ′ ≫ G ′′ for any solidlike colloidal assembly over the usual range of accessible frequencies (f = 10 −3 -10 Hz). In the case of dense hard spherelike systems, upon increasing the strain amplitude, G ′ is observed to decrease monotonically as a power law and intersects G ′′ , which exhibits a bell-shaped curve, defining a single yield strain associated to sample fluidization [21] . In the case of attractive colloidal glasses, G ′ departs sooner from the linear regime and does not decrease monotonically but exhibits a second shoulder at a higher strains, which defines a second yield strain where the local topology of a particle, bounded to its nearest neighbours, is supposedly destroyed [21] . Thus, LAOS experiments also support the picture of a single vs a twostep yielding scenario in repulsive and attractive colloidal glasses respectively. Oscillatory experiments performed at constant strain-rate rather than constant frequency, and coined Strain Rate Frequency Superposition, nicely supplement LAOS experiments since they have allowed to probe the universality of the structural relaxation in dense colloidal assemblies and to put forward a shearrate dependent timescale associated to the sample yielding [37, 41] .
Finally, the yielding scenario has been studied through step-stress experiments starting from rest. Previous work on colloids include a vast series of papers on hard sphere glasses [42] [43] [44] , soft sphere glasses [27, [45] [46] [47] , attractive glasses [48] and colloidal gels [31, 45, [49] [50] [51] [52] . For stresses applied below the yield stress the material experiences a creep flow and eventually stops flowing, while the shear rate decreases as a weak power law of time [27, 44, 45, 47] . Above the yield stress, the material first displays a creep regime during which the shear rate may either be constant or decrease as a weak power law, followed by a brutal fluidization associated to an increase of the shear rate by several orders of magnitude before the shear rate reaches steady state [27, [44] [45] [46] 50] . The duration of the creep regime prior to abrupt yielding has been reported to decrease for increasing applied shear stress [27, 46, 50, 51] . For applied stresses close to the yield stress, the creep regime may become extremely long (up to several hours) which is often referred to as "delayed yielding" or "time-dependent yielding" in the literature [31, 52] . Now, contrary to what has been discussed above for shear startup and LAOS experiments, the yielding scenario under applied stress appears to be surprisingly similar for both attractive and repulsive colloidal assemblies. For both types of materials, the yielding appears to be a single-step process well characterized by a single timescale (which decreases for increasing applied shear stress) and a shear rate that exhibits a temporal evolution with a characteristic "S" shape.
To summarize this overview of the current state of knowledge, it is now well established based on the various protocols listed above that a yield stress departs a solid state from a liquid one and that yielding involves complex system-dependent dynamical processes that reflect in the behaviour of rheological observables such as the shear stress σ, the shear rateγ, or viscoelastic moduli G ′ and G ′′ . However, in spite of a few experimental and numerical approaches at the scale of individual colloids already mentioned above [22] [23] [24] , the question remains whether the various timescales or characteristic strains involved in yielding have a mesoscopic signature on the local strain field, e.g. through collective behaviour, fracture planes, or shear localization. In the past few years the transient regime leading from rest to flow has been shown to involve either heterogeneous [27, 53, 54] or homogeneous [55] flows, themselves leading to either heterogeneous or homogeneous flows in steady state [56, 57] . While several mechanisms have been proposed and tested to account for steady-state flow heterogeneities, including competition between aging and shear rejuvenation [58] or flow-concentration coupling [55] , the reason why soft glassy materials shall exhibit homogeneous rather than heterogeneous velocity profiles during transient flows remains a burning issue [59] . In particular the role of the interparticle interactions [60] and the subtle interplay between the flow and the boundary conditions [16, [61] [62] [63] [64] remain to be fully assessed.
The aim of the present paper is to investigate thoroughly the yielding dynamics of attractive colloidal gels made of carbon black particles under steady shear stress. The stress-induced yielding of such attractive gels has already been studied but only under smooth boundary conditions [50, 51] or with no access to the local fluidization scenario [49] . Here we demonstrate through rheological measurements coupled to time-resolved velocimetry that stress-induced yielding of this attractive colloidal assembly involves a two-timescale process in the presence of rough boundary conditions. After an initial creep regime, the gel first fails at the moving wall with a timescale τ c that depends on the applied shear stress and decreases as a power law of the viscous stress, defined as the difference between the stress and the yield stress, i.e. τ c ∼ (σ − σ c ) −β , with β = 2-3 depending on the gel concentration. Second, the attractive gel slowly turns from a sliding solid block into a fully liquid state through a fluidization process that involves strongly heterogeneous flows and characterized by another timescale τ f that decays exponentially with the applied shear stress, i.e. τ f = τ 0 exp(−σ/σ 0 ). These two timescales τ c and τ f are measured for various gel concentrations C. We show that the characteristic stresses σ c and σ 0 depend on C as power laws with exponents comparable to those found for standard rheological quantities. This two-step yielding scenario under rough boundary conditions is significantly different from that observed in smooth geometries where only one timescale τ f is reported and from that observed for dense repulsive microgels [27] . Finally our results are discussed in light of the experiments mentioned in the introduction and of models for solid rupture.
II. MATERIALS AND METHODS

A. Experimental setup
Our experimental setup for performing simultaneous rheological and local velocity measurements has been described at length in Ref. [65] . It consists in coupling a standard stress-controlled rheometer (Anton Paar MCR301 in the present work) to an ultrasonic velocimetry technique that allows one to monitor the azimuthal velocity profile within the 1-mm gap of a Taylor-Couette cell with a spatial resolution of about 40 µm. Ultrasonic velocimetry relies on the cross-correlation of successive pressure signals backscattered by the sample. Acoustic contrast arises either naturally from the material microstructure or artificially through seeding with small contrast agents such as glass or polystyrene microspheres. The reader is referred to Ref. [65] for full details on ultrasonic data analysis.
In the following, we shall note respectively σ andγ the shear stress and shear rate imposed or recorded by the rheometer. It is important to keep in mind that these are "engineering" or "global" quantities, in the sense that they result from torque and velocity measurements on the inner rotating cylinder. In particular, in the presence of wall slip,γ only represents an apparent shear rate which may strongly differ from the actual shear rate in the bulk material. [66] In our previous work on carbon black gels, only "smooth" boundary conditions were used [50] . Here, in order to focus on the effect of boundary conditions on yielding, we shall rather use sand-blasted Plexiglas for both the fixed outer cylinder and the inner rotating bob of our Taylor-Couette device. Sand-blasting induces a typical surface roughness of 1 µm which is large enough to scatter ultrasound significantly. In order to avoid artifacts due to ultrasonic waves scattered off the rough stator, a specific procedure has been implemented as detailed in the supplementary material (see Supplemental Fig. 1) .
B. Rheological characteristics of the samples
Carbon black (CB) refers to colloidal soot particles produced from the incomplete combustion of fossil fuels. Made of permanently fused "primary" particles of diameter 20-40 nm [67] , these fractal soot particles, of typical size 0.2-0.5 µm, tend to form reversible and weakly linked agglomerates when dispersed in a liquid hydrocarbon [68] . Indeed CB particles interact through a shortrange attractive potential, whose depth is estimated at about 30 k B T [69] . Small volume fractions are sufficient to turn the dispersion into an interconnected network, hence into a colloidal gel [70, 71] . Such dispersions are involved in a wide variety of industrial applications including paints, coatings, rubbers and tires [72] . On a more fundamental side, CB colloidal gels, which properties may be tuned by the addition of dispersant [70, 73] , are model systems for studying both the yielding transition [50, 51] and the subsequent shear-induced structuration in confined geometries [74, 75] , since they are neither subject to shear degradation nor to evaporation and thus allow long lasting and reproducible measurements.
Here, CB gels are prepared in the absence of any dispersant by mixing CB particles (Cabot Vulcan XC72R of density 1.8) in a light mineral oil (from Sigma, density 0.838, viscosity 20 mPa.s) as described in Ref. [50] at weight concentrations C ranging from 4 to 10% w/w, which roughly correspond to effective volume fractions from 0.1 to 0.3 [69] . Furthermore, in order to ensure ultrasonic scattering, the gels are seeded with 1% w/w hollow glass microspheres of mean diameter 6mm (Sphericel, Potters) and density 1.1 kg.m −3 . All the experiments reported in the present paper are performed at a temperature of 25
• C which is held fixed up to ±0.1
• C thanks to a water circulation around the Couette cell that also ensures the acoustic coupling between the ultrasonic probe and the cell. CB dispersions are systematically presheared at a high shear rate (typicallyγ p = 10 3 s −1 for 20 s). As discussed by Osuji et al. [76, 77] , such preshearing allows the sample to reach a shear-thickened state due to the breakup of locally dense clusters into sparser structures, which enhances viscous dissipation. For concentrations larger than 4% w/w, shear-thickening always sets in below 1000 s −1 so that our preshearing rateγ p is into the shear-thickening regime for all concentrations [76, 78] . Upon flow cessation, very fast gelation of the system is observed over less than 1 s leading to a solidlike behaviour.
The rheological features of the resulting gels are captured in Figs. 1 and 2 . Figure 1 shows oscillatory shear tests performed on the various gels involved in the present study. In the linear regime the evolutions of the viscoelastic moduli G ′ and G ′′ with frequency [ Fig. 1(a) ] are characteristic of soft solids with a storage modulus G ′ that remains essentially constant and much larger than the loss modulus G ′′ , which shows a small increase at high frequency [78] . Stress sweeps at a given frequency [ Fig. 1(b) ] allow one to get an estimate for the yield stress σ y1 by looking at the stress amplitude at which G ′ = G ′′ . Table I and Figure 3 summarize the characteristic rheological features of our samples as a function of their weight concentration C. The various rheological parameters are seen to increase with C as power laws of exponents ranging from 3 to 4. In particular the elastic modulus G ′ ∼ C α yields an exponent of 4.0 in line with previous measurements on shear-thickened CB gels pre- Table I : Rheological parameters of carbon black gels at different weight concentrations C (see text for definitions). The last line gives the values of the exponents extracted from the power-law fits shown in Fig. 3 . pared in similar low polarizable solvents such as tetradecane [76] (α = 3.5) or base stock oil [70] (α = 4.1). Also note that increasing the solvent molecular mass or increasing its polarizability decreases the degree of flocculation [68] and leads to weaker structures [79] which explains the smaller values of the exponents [80] also found in the literature, e.g. α = 2.6 for CB dispersed in silicone oil [78] . Interestingly, the exponent 4.0 that we report here is also consistent with earlier data on gels of (i) silica particles coated with octadecyl chains and dispersed in hexadecane [81] (3.2 ≤ α ≤ 7), or decalin [82] (4.4 ≤ α ≤ 5.6), (ii) glycerol tristearate aggregates in olive oil [83] (α = 4.1), (iii) bohemite alumina powders dispersed in water [84] (α = 4.1), and (iv) aggregated polystyrene latex dispersions [85, 86] (α = 4.6 ± 0.3). These exponents have been linked to a gelation mechanism based on the aggregation of fractal clusters [85] and a scaling approach has shown that well above the gelation threshold, the elastic properties are dominated by the fractal nature of the flocs that form the building blocks of the system [84] . In particular, since the yield strain defined as γ c = σ y1 /G ′ decreases for increasing carbon black gel concentrations (see Table 1 ), we can expect from Ref. [84] that the gels studied in this paper are made of large and weak flocs, and that their yielding process will be dominated by bond breaking within each floc.
The observed scaling of the elastic modulus with concentration can be further interpreted in terms of the relationship
derived in Ref. [76] where σ p is the preshear stress at which the gel is prepared and d f the cluster fractal dimension. This relationship results from the scaling of the size R c of fractal clusters with σ p , R c ∼ σ
, where U is the interaction energy between two colloids. In our case, CB gels are prepared at a given preshear ratė γ p = 10 3 s −1 whatever the concentration C. Introducing the viscosity in the presheared state η p = σ p /γ p and using
As shown in the inset of Fig. 2 , η p indeed follows a powerlaw with an exponent α ′ = 2.1 (see also Table I ). Assuming that α ′ = (α − 1)(3 − d f )/d f and using α = 4.0, one gets d f = 1.8 ± 0.1 in full agreement with thermoporometry that reports d f = 1.81-1.85±0.05 for the same CB particles dispersed in water and undecane [87] . This consistency provides a nice confirmation of the scaling of the viscoelastic modulus with C and σ p already found in Ref. [76] .
Flow curves σ vsγ measured by rapidly sweeping down the shear rate fromγ = 10 3 s −1 are shown for concentrations C = 4, 6, 8, and 10% w/w in Fig. 2 . For shear rates larger than 1 s −1 , the data are reasonably well fitted by Herschel-Bulkley behaviours, σ = σ y2 + Aγ n . This provides estimates for the yield stress σ y2 that are compared to σ y1 in Table I and in Fig. 3 . The exponent n, which ranges from 0.3 to 0.6, is typical of values reported in the literature for a wide variety of yield stress fluids such as concentrated emulsions [88] , foams [4, 5, 89, 90] , and Table I and plotted against the concentration C. Storage modulus G ′ ( ) and loss modulus G ′′ ( ) measured at f = 1 Hz and σ = 2 Pa. Yield stress σy1 inferred from the crossing between G ′ and G
′′
in an oscillatory stress sweep at f = 1 Hz (•). Yield stress σy2 ( ) inferred from the Herschel-Bulkley fits of the flow curves shown in Fig. 2 . Red lines are the best power-law fits whose exponents are given in the last line of Table I .
microgels [91] [92] [93] [94] . It shows a decrease with increasing concentrations, i.e. shear-thinning is more pronounced when C increases. At small shear ratesγ 1 s −1 , the deviations from Herschel-Bulkley behaviour would traditionally be attributed to paramount wall slip effects [27, 95] . Wall slip is indeed present in our experiments, even though a roughened cell is used, as will be confirmed below in Sect. III A. However, the shape of the flow curves of Fig. 3 at low shear rates may also be interpreted as the consequence of time-dependent effects. Indeed CB gels have recently been described as rheopectic systems with a yield stress that depends on previous shear history [17] . For instance the yield stress of a 6% w/w CB gel could be made arbitrarily small by applying a succession of steps of decreasing shear stresses. Another signature of such time-dependence is the presence of hysteresis loops in up-down flow curves [96] .
Therefore, one has to keep in mind that all the rheological features in the present section are strongly timeand protocol-dependent. Note that this remark may be quite general not only in the case of attractive gels but also in the case of glasses, which is usually poorly emphasized in the literature. Here, in particular, the estimates of σ y1 and σ y2 depend on the sweep rate used in both oscillatory tests and flow curve determination. Thus, it is not clear whether the shoulders seen in Fig. 1(b) for both G ′ and G ′′ above σ y1 at C = 4 and 6% w/w correspond to the two-step yielding of Ref. [30] or not. As shown in Refs. [17, 76] , both viscoelastic moduli and the yield stress also depend on the stress level during preshear. In other words, the preshear stress determines the gel microstructure and its subsequent mechanical response. Consequently the values reported in Table I are only relative to the specific protocol used in the present work. This sensitivity on protocol and on previous history also justifies the time-resolved local measurements detailed below that aim at better understanding the slow dynamics involved in yielding.
Finally, we checked that hollow glass microspheres do not have any significant impact on the rheology of our carbon black gels, except for a slight stiffening, as shown in Supplemental Fig. 2 for C = 6% w/w and as already observed in carbopol microgels [97] .
C. Investigation of creep and yielding
In order to investigate creep and yielding in our CB samples, we turn to the specific protocol already used in Ref. [50] that allows for reproducible measurements. Prior to each experiment, the CB gel is presheared at +10 3 s −1 for 20 s and at -10 3 s −1 for 20 s in order to erase any previous shear history. In particular, such a high shear rate allows us to exclude structuration effects such as those reported in Ref. [75] in smaller gaps. Then small-amplitude oscillatory shear measurements are performed for 300 s at a frequency of 1 Hz and a stress amplitude of 2 Pa, low enough to be into the linear regime for all samples [see Fig. 1 (b)] and long enough for the gel to form a homogeneous space-spanning network that has reached a steady state [50] . Finally, a constant stress σ is applied in the "positive" direction, i.e. in the direction opposite to the last preshear step, and the resulting shear rate responseγ(t) is recorded by the rheometer simultaneously to the velocity.
Note that this response depends on the preshear protocol, and in particular on the preshearing direction, as shown in Supplemental Fig. 3 . Indeed, as recalled above in Sect. II B, carbon black gels were shown to be sensitive to a preshear stress σ p through a power-law dependence of the elastic modulus G ′ ∼ σ
and through the presence of internal stresses that slowly relax over time [76] . Such a complex behaviour may also be interpreted in terms of rheopexy in light of recent results by Ovarlez et al. [17] . A full investigation of the effect of preshear on yielding is out of the scope of the present article. Still time-dependence and memory effects definitely explain why no consistency can be easily found between the fast sweeps used in the previous section and the long-lasting creep experiments detailed below.
III. EXPERIMENTAL RESULTS
A. Yielding scenario under rough boundary conditions Figure 7 shows the shear rate responsesγ(t) for different shear stresses applied at time t = 0 on an 8% w/w CB gel. Whatever the applied stress σ, three regimes are observed. (i) The shear rate first decreases as a power lawγ(t) ∼ t −0.8 for a duration that strongly decreases as σ is increased. This power-law decrease is reminiscent of Andrade creep, also referred to as primary creep, in solids [98] .
(ii) Thenγ(t) progressively departs from power-law creep (secondary creep regime) and suddenly jumps by several orders of magnitude (tertiary creep regime) to reach a quasi-constant valueγ
undergoes another sharp increase before it reaches a steady-state value. As demonstrated in Fig. 5 , the same two-step fluidization process is observed under rough boundary conditions whatever the gel concentration C.
Furthermore, simultaneous velocity measurements allow us to better understand such a temporal evolution. This is illustrated in the case of a 10% w/w CB gel in Figure 5 : Shear rate responsesγ(t) for different CB gels under rough boundary conditions: C = 6% w/w and σ = 13 Pa ( ), C = 8% w/w and σ = 45 Pa ( ), and C = 10% w/w and σ = 90 Pa (•). The imposed shear stresses were chosen so as to yield roughly the same failure times. The following sequence of velocity profiles is found. During the initial creep regime, noted (i) in Fig. 6(a) , velocities are too small to be correctly measured with ultrasonic velocimetry. Therefore, we cannot yet conclude on the strain field during the Andrade-like power-law creep before the first jump inγ(t) from this experiment. More insights on the creep regime will be given below in the discussion of Sect. IV A. After the transition to the plateau atγ ⋆ ≃ 1 s −1 , however, velocity profiles clearly reveal the occurrence of total wall slip at both boundaries in spite of the presence of roughness [ Fig. 6(b) ].
Toward the end of the plateau inγ(t) [i.e. end of regime (ii) in Fig. 6(a) ], pluglike flow gives way to highly fluctuating velocity profiles that oscillate between pluglike and heterogeneous profiles characterized by the coexistence of a highly sheared region and an unsheared band [ Fig. 6(c) ]. Such fluctuations are most likely due to heterogeneity in the azimuthal direction: the gel is partially broken down into fluidlike and solidlike pieces, which leads to shear-banded profiles that alternate with pluglike profiles. Just before the second inflection point inγ(t), stable shear-banded velocity profiles are recorded over a rather short time window [ Fig. 6(d) ]. Finally, at the second inflection point inγ(t), shear banding evolves into homogeneous flow with no significant wall slip [ Fig. 6(e) ], which constitutes the steady-state regime noted (iii) in Fig. 6(a) . The same sequence of velocity profiles is found in regimes (ii) and (iii) under rough boundary conditions for all gel concentrations C. Based on the above results, we may extract two characteristic times for creep and yielding of CB gels: the time τ c that corresponds to the end of the creep regime and to the occurrence of total wall slip and the time τ f which corresponds to full fluidization. τ f can be estimated either from velocity measurements as the time after which velocity profiles remain all linear, or from the last inflection point inγ(t). More precisely, we define τ f as the inflection time in a linear representation of the shear rate data, i.e. d 2γ /dt 2 (τ f ) = 0. We checked that an estimation of τ f from a semilogarithmic representation, i.e. d 2 logγ/dt 2 (τ f ) = 0, leads to a systematic yet insignificant difference that does not affect our results. Due to the lack of velocity data in the creep regime, τ c is only defined from rheological data as the time at whichγ(t) first reaches the plateau atγ ⋆ . Figure 7 shows the two times τ c and τ f extracted from the data of Fig. 7 and from the corresponding velocity profiles. As expected, both times decrease strongly as the imposed shear stress is increased. Interestingly, τ c is best fitted by using a power-law τ c ∼ (σ−σ c ) −β [see Fig. 7(a) ]. The characteristic shear stress σ c = 21.0 ± 0.1 Pa is first estimated by minimizing the distance to a powerlaw in a least-square procedure explained in more details in Ref. [27] . The power-law exponent is then found to be β = 3.2. On the other hand, we could not fit τ f satisfactorily with a similar power law even by using different estimates for σ c . Figure 7 (b) rather shows that the time for full fluidization is well modeled by an exponential behaviour, τ f = τ 0 exp(−σ/σ 0 ), if one excludes the data point at the lowest shear stress. This result is fully consistent with previous works [50] [51] [52] . Also note that, except for the longest failure times [see, e.g., Fig. 6(a) ], τ f remains always much larger than τ c so that the duration of the fluidization process after the initial creep, τ f − τ c ≃ τ f , also decreases exponentially with the imposed stress. Actually, if τ f −τ c is considered rather than τ f when the creep duration τ c becomes a significant fraction of the full fluidization time τ f (say when τ c > 0.2τ f ) at low shear stress, one recovers an exponential behaviour all the way down to the lowest shear stresses as shown by the two white symbols in Fig. 7(b) [see also Fig. 9(a) for the case of the 10% w/w CB gel at σ = 55 Pa shown in Fig. 6 ]. These two different scalings for τ c and τ f − τ c (or equivalently τ f in most cases) will be further discussed below in Sect. IV B and IV D in light of other experiments and recent modeling of yielding.
Influence of the gel concentration.
The influence of the gel weight fraction C on the creep duration τ c and on the fluidization time τ f is summarized in Figs. 8 and 9 respectively. Figure 8 (a) confirms that whatever the concentration τ c behaves as a power law of a "viscous" stress σ − σ c , where the critical stress σ c depends on the concentration C as a power law σ c ∼ C 3.7 [see Table II concentration that only spans half a decade, both affine and, to a lesser extent, exponential dependences for σ c vs C are unlikely since a systematic curvature of the data is seen in linear and semilogarithmic coordinates. The power law σ c ∼ C 3.7 is fully consistent with that of the rheological parameters G ′ , G ′′ , and σ y2 (see Table I and Fig. 3) .
Turning to the fluidization time τ f , as already visible in Fig. 7(b) , the estimations of τ f from rheological data (gray symbols) and from velocity measurements at a given height in the Couette cell (black symbols) are in very good agreement [see Fig. 9(a) ]. This allows us to reconcile the two independent studies by Gibaud et al. [50] and Sprakel et al. [51] which were based on these two different definitions of τ f . This also suggests that the fluidization process occurs rather homogeneously along the vertical direction, although this remains to be directly . Top (bottom resp.) inset: same data as in the main figure but plotted in linear (semilogarithmic resp.) scales together with the best linear (exponential resp.) fit in red solid line. Table II : Fit parameters vs gel concentration C for τc and τ f , the two timescales involved in yielding of CB gels under rough boundary conditions: τc ∼ (σ − σc) −β and τ f = τ0 exp(−σ/σ0). The last line shows the exponents extracted from the power-law fits shown in Figs. 8(b) and 9 3.7 n/a n/a 2.9 checked using two-dimensional imaging techniques [99] . Moreover, as expected from first intuition, τ f strongly increases with C for a given σ. Equivalently the stress required to fully fluidize a gel after a given time τ f dramatically increases with C. Whatever the concentration an exponential law fits the stress-dependence of τ f (or of τ f −τ c ) very well. The characteristic stress σ 0 involved in this exponential decay is plotted against C in Fig. 9(b) . The evolution of σ 0 with C is best modeled by a power law σ 0 ∼ C 2.9 in spite of a small range of concentrations [see also Table II and insets of Fig. 9(b) ]. This exponent of 2.9 is close to that found for the concentration- . Top (bottom resp.) inset: same data as in the main figure but plotted in linear (semilogarithmic resp.) scales together with the best linear (exponential resp.) fit in red solid line.
dependence of the yield stresses σ y1 but significantly smaller than that of G ′ , G ′′ , and σ y2 vs C (see Table I and Fig. 3) . A discussion on this power-law dependence and on the value of the exponent will be provided in Sect. IV D.
C. Comparison with smooth boundary conditions
Yielding under smooth boundary conditions has been investigated by Gibaud et al. [50] in the case of a 6% w/w CB gel. Figure 10 shows a set of creep responses recorded in an 8% w/w CB gel. Overall the shear rate response under smooth boundary conditions resembles that under rough boundary conditions. The shear rate first decreases in a long creeping flow regime before undergoing an upturn leading to a fluidized steady state. However here the sudden jump inγ(t) does not lead to such a welldefined plateau as under rough boundaries but rather to one (or several) kink(s) and fluctuations in the shear rate before a final increase up to steady state (see also Supplemental Fig. 4 for a semilogarithmic representation oḟ  γ(t) ). Therefore three regimes can no longer be clearly distinguished inγ(t) and one may only extract a single characteristic time τ f for yielding and fluidization, defined as the last inflection point ofγ(t). Moreover the creep regime is not characterized by a well-defined powerlaw decay ofγ(t) as in the case of rough boundaries.
As already reported in Ref. [50] velocity profiles show an evolution that is quite similar to that reported above for rough boundary conditions. Still, with smooth walls, apparent shear rates are larger, which makes velocity measurements during the initial creep regime possible. Such measurements show that the sample undergoes total slippage right from the start-up of shear at t = 0 (see Supplemental Fig. 4 and Fig. 3 in Ref. [50] ). Total wall slip persists until the fluctuations seen inγ(t) for intermediate shear stresses (see, e.g., σ = 50-55 Pa in Fig. 10 ). These fluctuations signal the beginning of bulk fluidization through highly fluctuating shear-banded velocity profiles as shown in Supplemental Fig. 4 . In steady state, a small amount of wall slip remains measurable at both walls contrary to the case of rough boundaries.
Fluidization times in smooth and rough Couette cells are compared in Fig. 11(a) in the case of a 6% w/w CB gel. In both cases, τ f follows an exponential behaviour with the imposed shear stress. However, at low imposed stresses, τ f is seen to be larger for smooth boundaries while it becomes smaller than in the case of rough walls at high stresses. In other words, the exponential decay is stronger in the case of smooth boundary conditions. This is also observed for other concentrations: the parameter σ 0 remains always smaller for smooth boundary conditions as shown in Fig. 11(b) . Since the 10% w/w CB gel is seen to slip on smooth walls whatever the imposed stress, only three concentrations are reported in Fig. 11(b) . Still the data are again compatible with a power-law behaviour σ 0 ∼ C 2.9 with a prefactor that is about twice as small in the case of smooth walls.
IV. DISCUSSION
A. Andrade-like creep regime
In this paragraph, we discuss the strikingly robust initial creep regime found with rough boundary conditions and characterized by a power-law decay of the shear rate asγ ∼ t −0.8±0.1 or equivalently by an increase of the strain as γ ∼ t 0.2±0.1 . Such a power-law creep is reminiscent of the Andrade lawγ ∼ t −2/3 (or γ ∼ t 1/3 ) found in solid materials [98] and has been attributed to collective dislocation dynamics [100] [101] [102] . Experiments on heterogeneous fiber materials as well as corresponding models such as the "fiber bundle model" (FBM) show a similar creep behaviour prior to rupture [103] [104] [105] [106] . Andrade-like creep has also been reported for cellulose gels [107] and more recently for some amorphous soft solids such as polycrystalline surfactant hexagonal phases [108], carbopol microgels [27] , core-shell poly(styrene)-poly(N-isopropylacrylamide) colloidal particles [44] , and thermo-reversible protein gels [109] . Yet, no clear link between the physical mechanisms at play in the creep of ordered and disordered materials is available.
In order to get a deeper insight into the creep regime, Fig. 12 focuses on an experiment where strains in the creep regime are large enough to be estimated from ultrasonic velocimetry. This results from a difficult compromise between measurable motions (large applied stress) and long enough creep regime (small applied stress). The local strain γ(r, t) is computed from the ultrasonic data and independently of any rheological measurement by summing up the local displacements computed from the cross-correlation algorithm described in Ref. [65] . The space-time map of γ(r, t) shown in Fig. 12(a) suggests that the strain increases slowly but mostly homogeneously after an initial instantaneous elastic deformation γ 0 . Indeed in view of the large uncertainty on γ, it seems reasonable to attribute the observed fluctuations of γ with r to increased noise due to smaller local intensity of the ultrasonic signal and/or tiny displacements rather than to any true spatial heterogeneity of the strain field. The scenario of a bulk deformation that remains homogeneous at least on the length scales probed by our high-frequency ultrasonic setup (typically 1 µm) is further supported by Fig. 12(b) which shows that the local strain is well captured by γ(r, t) = (γ 0 + λt 0.4 ) · (1 − r/e) with the same set of parameters γ 0 and λ for three different positions within the gap. The exponent 0.4 found here is slightly larger than expected from global rheology but, in this specific case, the creep regime is short (τ c ≃ 10 s) and the exponent of the global shear ratė γ(t) vs t actually decreases continuously from -0.8 at very early times to 0 when the minimum is reached, so that an exponent of 0.4 is not inconsistent with some average exponent derived from global rheology [see red line with slope -0.6 in Fig. 12(c) ]. This point clearly deserves more attention and should be addressed in detail in future work together with the fact that the scaling behaviour of γ(r, t) may also be weakly space-dependent as suggested by the systematic deviations from the power law close to the stator [see data in blue in Fig. 12(b) ]. Figure 13 (a) investigates the initial creep at a slightly lower shear stress by looking directly at the ultrasonic speckle signal. It focuses on the region close to the rotor and extends slightly within the rotor (−0.05 < r < 0.28 mm). The sharp shift in the pressure signal at t = 0 corresponds to instantaneous elastic response when shear is started. It is followed by a much slower deformation over roughly the first 10 s. During this Andrade-like creep regime, no obvious heterogeneity is observed in the bulk. For t 10 s, the rotor progressively accelerates while pressure signals remain horizontal in the bulk. In other words, the material starts to slip at the rotor. For t 12 s, the rotor has achieved a large, steady value as indicated by the constant slope of the ultrasonic echoes inside the rotor (for −0.05 < r < 0 mm). Figure 13 (b) confirms that the time τ c that signals the end of the creep regime also corresponds to full wall slip at the rotor. Therefore both Figs. 12 and 13 show that no bulk fracture nor any noticeable local rearrangements are observed before the material detaches from the inner wall. This means that, if present, bulk plasticity during the Andrade creep regime would involve motions on length scales that are below the detection threshold of our ultrasonic technique (typically 1 µm). Another possibility is that plastic events are preferentially localized close to the moving wall. Indeed one may be tempted to interpret the somewhat larger fluctuations of γ(r, t) close to the rotor [see data in red in Fig. 12(b) ] as an indication for such plasticity localization. Yet, we again emphasize that the poor signal-to-noise ratio prevents us from drawing any definite conclusion at this stage. In spite of the good temporal resolution of the present measurements (0.1 s in the case of the ultrasonic data of Figs. 12 and 13), an apparently homogeneous strain field could also result from an average over many plastic events occurring on timescales much shorter than our measurement time. Note that a similar homogeneous flow was also found dur-ing the Andrade-like creep regime evidenced in carbopol microgels [27] although in this case the flow profile was averaged over a long duration in the creep regime. We also recall that in both carbopol and carbon black gels we actually follow the motion of acoustic tracers and not that of the material itself. Therefore more direct local measurements [64] using, e.g. fast confocal microscopy, are required to conclude on the physical origin of the creep regime.
B. Duration of the creep regime: insights from fiber-bundle models (FBMs)
One of the main results of the present work is the observation of a two-step yielding process under rough boundary conditions involving two timescales, τ c and τ f , that show very different dependences upon the imposed shear stress. We first discuss the duration τ c of the creep regime, which is found to scale as τ c ∼ (σ − σ c ) −β . Such a power-law behaviour is also found for the "rupture time" in various FBMs that aim at reproducing systems with a succession of Andrade creep (primary creep), quasi stationary regime (secondary creep), and acceleration of the strain rate (tertiary creep) prior to rupture [103, 104, 106, 110] . Depending on the fiber rheology and on the relaxation mechanisms after fiber breakage, FBM models predict β = 0.5-1.25 [106, 110] significantly below our experimental observations for τ c in CB gels for which β = 2.2-3.2 (see Table II ).
Inspired by these previous works, we investigate in more detail the shear rate responses for t < τ c in two different CB gels at 8% w/w and 10% w/w in Fig. 14 . Power-law creep, with exponents −0.81 and −0.93 in the two particular cases shown in Fig. 14(a) , is observed from the earliest stages until t ≃ 0.2τ c . From t 0.2τ c , the shear rate progressively deviates from the initial power law and eventually reaches a minimumγ min at τ min ≃ 0.4τ c . The two shear rate responses nicely collapse when normalized byγ min and plotted against t/τ c [ Fig. 14(b) ]. This clearly indicates that the nature of the creep regime remains the same for these two different concentrations as already inferred from Fig. 5 . This is further confirmed in Fig. 15 where τ min is reported as a function of τ c for all the creep experiments where τ min was large enough to be measured (typically larger than 1 s), thus involving the four different gel concentrations. Whatever the CB concentration and the applied stress, the new timescale τ min is seen to be directly proportional to τ c with a prefactor of 0.4. Finally, during the approach to the localized failure at the inner wall, the shear rate increases as a power law of (τ c − t) with exponents than can hardly be distinguished from −1 (namely −0.97 and −1.0 respectively). Figure 14 reports results that are strikingly similar to those of FBM models [103, 106] and to experiments on fiber composite materials [104, 110] . For instance, the exact same scaling for the power-law acceleration of the strain rate prior to rupture,ε ∼ 1/(τ c − t), is generally reported. In particular, Fig. 2 in the recent work by Jagla [106] also shows the three different stages in the creep regime with a minimum reached at a time that is proportional to the final rupture time. Yet the prefactors reported in Refs. [104, 106, 110] , typically 0.5-0.7 are significantly larger than that reported here.
Finally, we note that two types of FBM models have been proposed in the literature: models that simply rely on a local yield strain (or stress) for fiber rupture [ 104, 106, 110] , which lead to rupture times that decrease as a power-law of the viscous stress σ − σ c , and models that also include damage accumulation in the form of a memory term involving the whole loading history of the fiber [111] [112] [113] , which lead to a power law of the applied shear stress (i.e. σ c = 0) otherwise known as the Basquin law. Interestingly, our results are fully consistent with the first category of FBM models. This supports the microscopic picture of attractive gels controlled by a local yield strain between two neighbouring colloidal particles rather than by a local yield stress. This may also explain why kinetic models such as the one developed in Ref. [51, 52] do not apply to the duration of the creep regime.
C. Total wall slip and lubrication layers after failure
As shown in Fig. 6 , the succession of primary, secondary, and tertiary creep regimes [noted (i) in Fig. 6(a) ] gives way to a regime of total wall slip before fluidization occurs at τ f [see Fig. 6(b) ]. Here, local velocity measurements prove crucial to interpret the shear rate response under rough boundary conditions, which systematically shows a plateau at a characteristic apparent shear ratė γ ⋆ right after failure occurs at τ c . Indeed, along this plateau, the flow profile points to local vanishing shear rates in the bulk, i.e. the gel undergoes solid-body rotation and the flow is pluglike. Therefore, shear is localized in lubrication layers which thickness δ l is much smaller than the spatial resolution of our velocity profiles. These lubrication films are submitted to a local shear rate which is of the order ofγ l ≃γ ⋆ e/δ l where e = 1 mm is the gap of the Couette cell. Assuming that the lubrication layers remain Newtonian with a viscosity η l close to that of the pure suspending mineral oil, one gets δ l ≃ η lγ ⋆ e/σ. Quantitatively, the data of Fig. 6 leads to δ l ≃ 400 nm, which is consistent with data reported for surfactant systems [114] but significantly larger than the thickness of lubrication films found in microgel pastes [115, 116] . This estimate is however in good agreement with Ref. [117] that reports δ l ≃ (1 − φ/φ m )D p for various dispersions of rigid particles, where φ is the volume fraction, φ m the maximum packing fraction, and D p the particle diameter, since in our case we have φ/φ m ≃ 0.1-0.2 and D p ≃ 200-500 nm.
As reported in Supplemental Fig. 5 ,γ ⋆ increases roughly linearly with the applied stress σ, which suggests that the size of lubricating layers is independent of σ (although η l could also depend on σ in the case where a stress-dependent amount of CB particles remains in the lubricating layers after failure at the walls). Supplemental Fig. 5 also indicates thatγ ⋆ increases with the gel concentration C, pointing to thicker films (or to less viscous films) in more concentrated samples.
Our measurements show that wall slip is inherent to the yielding mechanism of our attractive gels since standard procedures to minimize slippage through wall roughness fail. However, a more detailed and quantitative study of the influence of roughness would be interesting to better understand wall slip in relation with yielding. In particular, the typical roughness of our sandblasted cell (1 µm) lies above the size of the fractal particles (0.2-0.5 µm) but below that of aggregates in the system at rest. Therefore our "rough" boundaries may appear as smooth boundaries for large aggregates but not for smaller aggregates or for individual soot particles. This may partly explain why wall slip is transiently observed under "rough" boundaries and account for the concentration dependence observed above since the aggregate size is likely to depend on C. Other physicochemical factors, such as wetting properties or wallparticle electrostatic interactions, most probably influence failure at the wall as well.
D. Fluidization time: activated dynamics?
The second timescale involved in the yielding of carbon black gels, namely the time τ f required for full fluidization, was already shown to follow an exponential decay with the applied shear stress in previous works [50] [51] [52] . Such a behaviour, which was also reported in silica and polystyrene particulate gels [51, 52] as well as thermoreversible protein gels [109] , hints to activated dynamics with an energy barrier that decreases linearly with the applied stress. Note that a similar exponential decay was found in thermo-reversible silica gels [49] and for the shear-induced aggregation time in some non-Brownian suspensions [118] . A mean-field model for delayed yielding was recently proposed in which macroscopic failure results from a homogeneous degradation due to microscopic strand fractures within the gel [51, 52] .
The present experiments shed new light on the validity and application of such a model. Indeed, the model proposed by Lindstrom et al. [52] does obviously not apply to the creep duration τ c which is found to follow a power-law decay rather than an exponential decay. This is in apparent contradiction with the statement in Ref. [52] that "the delay time is well estimated by the time-scale of the initial static fatigue, occurring prior to the final macroscopic failure, while the duration of critical crack propagation, which is much more rapid, can be neglected," which would imply that the model applies to the initial creep regime and thus to τ c . However, one should keep in mind that the experiments reported in Refs. [50] [51] [52] were restricted to smooth boundary conditions where slippage is likely to occur at the earliest stages as shown in Sect. III C above (see also Supplemental Fig. 4) . These experiments show only one timescale τ f that decreases exponentially with the applied stress. This suggests to apply models based on activated dynamics such as that devised by Lindstrom et al. [52] only for the part of the dynamics where the material has failed at the inner cylinder (i.e. for t > τ c in the presence of rough walls and for t > 0 + when smooth walls are used). Indeed, as noted above in Sect. III B 2, under rough boundary conditions, the duration of the fluidization process τ f − τ c follows a nice exponential decay over the full range of accessible shear stresses [see Fig.9(a) ]. We recall that considering τ f − τ c rather than simply τ f compensates for the deviations of τ f from exponential as the shear stress approaches the critical stress σ c and τ c is no longer negligible when compared to τ f . This clearly indicates a crossover to a regime that is dominated by the (diverging) timescale for creep τ c .
Focusing on the fluidization process, we note that heterogeneous flows are observed over a rather narrow time window close to τ f . Therefore, under both smooth and rough boundary conditions, the gel remains solid and subject to friction from the lubrication layers at the walls over most of the fluidization regime. If one applies the model of Refs. [51, 52] to our case where no previous flow history is applied to the sample, then one expects the characteristic stress to be given by σ 0 = ρ 0 k B T /δ where ρ 0 ∼ 1/ξ 2 is the initial area density of strands, with ξ the mesh size (or correlation length) of the network, and δ is the width of the interaction potential. σ 0 appears as the stress applied on one link and corresponding to an energy k B T . In other words, σ/σ 0 corresponds to the elastic energy per bond normalized by k B T . For a network of fractal dimension D f , the characteristic length ξ is linked to the gel concentration C through [119] :
Assuming that δ does not significantly depend on C, one has σ 0 ∼ C 2/(3−D f ) . Since our gels are prepared through a strong preshearing step, we may assume that the network fractal dimension is D f ≃ 2.3 as generally observed for shear-induced flocs [120] [121] [122] . Such a fractal dimension nicely accounts for the scaling σ 0 ∼ C 2.9 reported in the present work since 2/(3 − D f ) ≃ 2.86.
More generally, beyond attractive gels and yield stress materials, some viscoelastic fluids such as self-assembled transient networks [123] also display "delayed" dynamics under stress. These materials, composed of supramolecular aggregates (e.g. wormlike micelles, surfactant vesicles, emulsion droplets, etc.) linked together by stickers (most often telechelic polymers), resemble colloidal gels in that their mesoscopic constituents exhibit attractive interactions. However, they do not display any solidlike behavior at rest as the link network is weak and thus temporary [123] . Interestingly, such materials appear to be "brittle" [124] : under an imposed shear stress, they exhibit macroscopic fractures which are reversible and occur after a delay time that decreases exponentially for increasing shear stress [125] . A fiber-bundle like model [126] introducing reversible link rupture has been proposed recently to account for fractures in transient networks in a way similar to the model proposed for the activated yielding of colloidal gels [52] . One can thus wonder whether there exists some deeper link between the fracture of self-assembled transient networks and the yielding of colloidal gels, and if so, whether these two phenomena can be described in a single generic framework. The divergence of the creep duration τ c as the critical shear stress σ c is approached allows us to clearly define σ c as the yield stress of the material: whatever the shear stress applied below σ c the gel will not start to flow whereas it will eventually get fluidized for σ > σ c even if it takes longer and longer as σ gets closer to σ c . Quantitatively, the fact that σ c lies significantly below the other two estimates σ y1 and σ y2 extracted from standard rheological tests is not surprising for such a time-dependent material as CB gels (see Tables I and II ). Yet, it is interesting to note that σ y2 estimated from the flow curve follows roughly the same power law of the gel concentration (∼ C 3.5 ) as σ c (∼ C 3.7 ). Whether or not this agreement is fortuitous remains an open issue.
Interpretation of Andrade creep.
Based on our observations, an appealing interpretation of the observed Andrade-like creep could be that bulk deformation is actually fully reversible (i.e. without any plasticity in the bulk) and that the origin of the power-law creep lies in a two-dimensional process such as stress-induced demixing of the gel into a diphasic system at the inner wall. Indeed, in the different context of pressure solution creep, an analogy with spinodal dewetting has been invoked to explain the Andrade-like creep observed during the indentation of single crystals of sodium chloride in the presence of saturated brine [127] . Powerlaw creep was shown to be correlated to the power-law growth of fluid inclusions at the interface. Although very speculative, such a spinodal-like mechanism transposed to our CB gels would imply the growth of colloid-poor (or even pure oil) domains that separate from the bulk colloid-rich material at the inner boundary. In the case of rough boundaries, this growth will eventually lead to total wall slip when the fluid domains extend over the whole height of the Couette cell, while under smooth boundaries the system would slip right from shear start-up. Such a mechanism could also be involved in the creep of carbopol microgels where homogeneous deformation and similar critical-like scaling was reported, although in this case failure at the inner wall was immediately followed by a transient shear-banding regime rather than by a total wall slip regime [27] .
3. Characteristic strains and timescales.
Supplemental Fig. 6 shows the data of Fig. 7 replotted as a function of the strain γ. The good collapse of all curves at the end of the initial creep regime (see also inset of Supplemental Fig. 6 ) suggests that failure at the inner wall at τ c can be associated with a characteristic "yield strain" γ c ≃ 0.2-0.3. The strains γ f corresponding to full fluidization at τ f are spread over a very large range γ f ≃ 200-3000, which can be expected from the dominance of slip effects in the second and third regimes. Indeed, it should be kept in mind that the above strains are those indicated by the rheometer. In the presence of dominant wall slip (as is the case here between τ c and τ f ), these strains dramatically overestimate the actual strains within the material. Investigating other concentrations (data not shown) reveals that γ c decreases with C from about 0.5 for the 4% w/w CB gel to about 0.2 for C = 10% w/w, while γ f increases from about 100 up to several thousands over the same concentration range and depending on the imposed shear stress.
In terms of timescales, it remains unclear whether the two times τ c and τ f revealed in the present work (or the corresponding strains γ c and γ f ) are linked to the twostep yielding observed in attractive glasses [30] and mentioned in the introduction. In Ref. [30] , the two characteristic yield strains inferred from shear start-up and LAOS experiments fall into the ranges 0.03-0.3 and 1-3 respectively. These much smaller orders of magnitude suggest a priori different origins and interpretations for the two strains involved in the present experiments and associated with τ c and τ f . However, we recall that experiments in Ref. [30] were performed under imposed shear rate instead of imposed shear stress and were not complemented by local strain field or velocity field measurements. It is also worth mentioning that the interpretation of the double yielding process proposed in Ref. [30] has been confirmed only partially by very recent local measurements on Pickering emulsions [128] and certainly deserves more experiments coupled to direct visualizations.
Finally, the link between the present timescales and those which may be inferred from experiments under controlled shear rate remains to be explored in CB gels. Indeed, several previous studies, e.g. on concentrated suspensions of glass spheres into a polymer matrix [129] , on laponite suspensions [62] , and on carbopol microgels [53, 94] have reported a power-law decay of fluidization times with the applied shear rate. In the case of carbopol microgels, a clear link could be made between stress-imposed and strain-imposed fluidization through the steady-state Herschel-Bulkley rheology [27] . In CB gels, the strong time-dependence of the material is very likely to preclude such a simple link.
Role of boundary conditions.
One last puzzling point is the fact that yielding under rough boundary conditions involves two successive regimes with such different scalings as power law and exponential while the gel is submitted to the same constant stress field. As discussed above, these distinct behaviours hint to different physical processes. We also emphasize that an important difference between the initial creep and the subsequent fluidization regime lies in the boundary conditions: during Andrade-like creep the gel does not slip against the walls while it is bounded by viscous lubrication layers during fluidization. Therefore, the role of boundary conditions, such as the surface roughness and the interactions between the wall and the colloidal gel, raises critical open questions. For instance, when smooth walls are used, we can no longer define τ c properly and the gel may show slippage well below the yield stress of the bulk material. Clearly, much more work is required to fully understand such an effect of boundary conditions. We believe that a major step forward will be performed through a systematic investigation of yielding under controlled roughness and chemical properties of the cell walls based on microscopic experiments close to the walls. On the theoretical side, recent approaches based on phenomenological models such as the Soft Glassy Rheology or fluidity models or based on constitutive equations such as the Rolie-Poly model have provided promising predictions for yielding timescales that show power-law dependence and are associated with shear-banded flows [59] . However, since failure and slippage at the walls turn out to be central to the yielding process of colloidal gels, future theoretical developments still need to include the presence of bounding walls and the specific interactions of the material with the surface in order to account for all the complexity of experimental situations.
V. CONCLUSION
We have reported an extensive set of experiments coupling rheology and velocimetry during creep and yielding of attractive colloidal gels. Our results reveal that under rough boundary conditions yielding proceeds in two successive steps. (i) The gel first undergoes a creep regime which is fully similar to that reported in some crystalline solids as well as other soft amorphous solids and characterized by a succession of Andrade creep (primary creep), quasi stationary regime (secondary creep), and acceleration of the strain rate (tertiary creep) prior to rupture, here localized at the inner wall of our Couette geometry. During Andrade creep, the bulk strain field appears to remain homogeneous down to the micron-scale. (ii) The gel then slips totally at both walls and is progressively broken down into smaller and smaller pieces through a strongly heterogeneous flow until full fluidization is reached. The two timescales associated to this yielding scenario follow very different scalings with the applied stress. While the creep duration is governed by a critical-like behaviour, the -generally much larger-fluidization time follows an exponential decay. These scalings suggest that two different physical mechanisms are successively at play in each step, (i) either local yielding in the bulk above some critical yield strain as invoked in fiber-bundle models or twodimensional stress-induced demixing close to the walls, followed by (ii) activated bond-breaking dynamics.
Our study constitutes the first complete description of the so-called "delayed yielding" phenomenon at a mesoscopic level. Obviously, it should be pursued through more microscopic investigations especially close to the bounding walls in order to specify the role of boundary conditions in the fluidization process. It should also be extended to other systems, including attractive and repulsive glasses for comparison with previous shear startup and LAOS experiments and in order to test for universality in the yielding behaviour of soft solids.
Supplemental material
I. PROCEDURE FOR REMOVING SPURIOUS SCATTERING FROM THE CELL WALLS
In the present work, the Plexiglas cylinders used in our Couette geometry were sand-blasted in order to provide a roughness of about 1 µm which leads to significant scattering of the incident ultrasonic pulses. This results in spurious fixed echoes in the raw ultrasonic data that get mixed with the echoes backscattered by the moving particles. Such fixed echoes appear as vertical lines in the spatiotemporal diagram of Supplemental Figure 1(a) that shows the successive pressure signals p(t us , t) coded in gray levels as a function of the ultrasonic time-of-flight t us (horizontal axis) after a single pulse is sent at time t (vertical axis). Using the cross-correlation algorithm described in Ref. [65] on such raw ultrasonic data leads to a dramatic underestimation of the local velocities at the location of these fixed echoes.
In order to remove the undesired fixed echoes before data analysis, we average the ultrasonic signals recorded during the systematic preshear step atγ p = 10 3 s −1 (see Sect. 2.3) and subtract this average to each raw pressure signal recorded subsequently during the actual experiment. The result is shown in Supplemental Figure 1(b) . In the averaging process at large shear rate, all contributions from acoustic scatterers within the sheared fluid cancel out and one is left with the static spurious signal. Subtracting this signal to the raw data appears as a very efficient way to remove the spurious contributions of the ultrasonic waves scattered off by the surface roughness of the outer fixed wall. 
II. INFLUENCE OF ADDING ACOUSTIC CONTRAST AGENTS TO CARBON BLACK GELS
Supplemental Figure 2 compares the linear and nonlinear rheological properties of 6% w/w CB gels with and without acoustic contrast agents, namely 1% w/w hollow glass microspheres of mean diameter 6 µm (Sphericel, Potters) and density 1.1 g.cm 3 . Addition of acoustic contrast agents does not significantly affect the mechanical behaviour of CB gels. Quantitatively, we note that the viscoelastic moduli at rest increase by about 10% upon addition of microspheres [see Supp. Fig. 2(a,b) ]. Such an enhancement of the viscoelastic properties is expected and has already been observed in, e.g., carbopol microgels [97] . Accordingly, the flow curve of a CB gel as well as the yield stress are shifted upwards by about 10% when adding 1% w/w hollow glass microspheres to the system [see Supp. Fig. 2(c) ].
III. INFLUENCE OF THE PRESHEAR PROTOCOL ON THE FLUIDIZATION TIME
The fluidization time τ f was measured as described in the main text after preshearing a 6% w/w CB gel either at +1000 s −1 or at −1000 s −1 for 20 s before viscoelastic moduli at rest are monitored for 300 s and a given stress σ is subsequently applied in the positive direction. As shown in Supplemental Figure 3 this leads to significant differences in the yielding phenomenon. In both cases, an exponential behaviour is found for τ f vs σ but fluidization is much faster when creep and preshear are applied in opposite directions.
We checked that: (i) the preshearing direction does not affect the shape of the subsequent shear rate responseγ(t) (data not shown), which remains similar to the responses shown in Fig. 4 in the main text and, in particular, shows three well-defined regimes.
(ii) reversing both preshear and creep directions does not affect τ f so that the difference may not be attributed to an artifact due to our rheometer or geometry, (iii) in the case of successive preshears with different directions such as in the protocol used in the main text (+1000 s −1 followed by −1000 s −1 ), the fluidization time is only affected by the last preshear step. This clearly shows that, even though preshear successfully erases previous sample history, the resulting gel microstructure is sensitive to preshear.
The influence of preshear was investigated by Osuji et al. [76] in CB gels in tetradecane at 2-8% w/w. A powerlaw dependence of the elastic modulus with the shear stress applied during preshear was reported together with a slow decrease of the residual "internal stress", i.e. the shear stress measured after flow cessation, σ i (t) ∼ t −0.1 . These findings were interpreted based on a simple model for the cluster size reached after preshearing at a stress σ p and on an unusually fast build-up of the network structure after cessation of shear in which internal stresses act opposite to the preshear direction.
Internal stresses may partly explain our results. Indeed, if stress is applied in the direction opposite to pres- hear, internal stress adds up to the applied stress, thus facilitating yielding and leading to a faster fluidization process. Yet Supplemental Figure 3 shows that the effect of preshear is not simply an effective change of σ by a constant ±σ i depending on the preshear direction since in this case the two curves τ f vs σ would only be translated by a constant amount. Moreover, if the differences in fluidization times were to be explained solely by internal stresses, then one would expect that for very long fluidization times (i.e. for small σ), the slow relaxation of internal stresses leads to smaller discrepancies in τ f . This is not observed in our data. Rather, fluidization times become similar for large values of σ and both parameters σ 0 and τ 0 in the exponential fits depend on the preshear direction. We find σ 0 = 2.6 Pa and τ 0 = 3.4 10 6 s for a preshear in the positive direction and σ 0 = 4.8 Pa and τ 0 = 1.9 10 4 s for the opposite direction (see red lines in Supp. Figure 3 ). This suggests that the anisotropy of the gel structure induced by preshearing plays an important role in the delayed fluidization under creep. Such an anisotropy is not accounted for in the model of Ref. [52] .
IV. VELOCITY PROFILES UNDER SMOOTH BOUNDARY CONDITIONS
Supplemental Figure 4 reports velocity profiles recorded during a creep experiment performed under smooth boundary conditions on a 6% w/w CB gel together with the corresponding evolution of the shear ratė γ(t) [see Supp. Figure 4(a) ]. Total slippage at the fixed outer wall is observed as soon as shear is applied at t = 0 [see Supp. Fig. 4(b) ]. Although velocities for 200 t 3000 s are too small to allow for reliable measurements, the flow is most likely pluglike throughout the creeping flow regime (i) with slip velocities increasing at the rotor and decreasing at the stator. Indeed, once the shear rate has raised above roughly 10 −2 s −1 allowing velocities to be accurately estimated, velocities show a flat profile with almost total slippage at the rotating inner wall [see Supp. Fig. 4(c) ]. After a small bump iṅ γ(t) which is characteristic of the shear rate response in a smooth cell (here at t ≃ 6000 s, see also The characteristic shear rateγ ⋆ after failure at the inner wall at t = τ c under rough boundary conditions is shown in Supplemental Figure 5 as a function of the applied shear stress σ for four gel concentrations C.γ ⋆ is seen to increase fairly linearly with the applied stress σ and, on average, to increase with the gel concentration C. 
VI. SHEAR RATE RESPONSE AS A FUNCTION OF STRAIN
Supplemental Fig. 6 shows the data of Fig. 7 replotted as a function of the strain γ. The good collapse of all curves at the end of the initial creep regime (see also inset of Supp. Fig. 6 ) suggests that failure at the inner wall at τ c can be associated with a characteristic "yield strain" γ c ≃ 0.2-0.3. The strains γ f corresponding to full fluidization at τ f are spread over a very large range γ f ≃ 200-3000. 
